In bulk samples and few layer flakes, the transition metal dichalcogenides NbS2 and NbSe2 assume the H polytype structure with trigonal prismatic coordination of the Nb atom. Recently, however, single and few layers of 1T-NbSe2 with octahedral coordination around the transition metal ion were synthesized. Motivated by these experiments and by using first-principles calculations, we investigate the structural, electronic and dynamical properties of single layer 1T-NbS2. We find that single-layer 1T-NbS2 undergoes a √ 13× √ 13 star-of-David charge density wave. Within the generalized gradient approximation, the weak interaction between the stars leads to an ultraflat band at the Fermi level isolated from all other bands. The spin-polarized generalized gradient approximation stabilizes a total spin 1/2 magnetic state with opening of a 0.15 eV band gap and a 0.21µB magnetic moment localized on the central Nb in the star. Within GGA+U, the magnetic moment on the central Nb is enhanced to 0.41µB and a larger gap occurs. Most important, this approximation gives a small energy difference between the 1T and 1H polytypes (only +0.5 mRy/Nb), suggesting that the 1T-polytype can be synthesized in a similar way as done for single layer 1T-NbSe2. Finally we compute first and second nearest neighbors magnetic inter-star exchange interactions finding J1=9.5 K and J2=0.4 K ferromagnetic coupling constants.
I. INTRODUCTION
Bulk transition metal dichalcogenides (TMDs) of the form TCh 2 , where T is a transition metal and Ch is a chalcogen (Se, S, Te), are very versatile systems as their electronic and structural properties can be tuned not only by varying their chemical composition but also by synthesizing different polytypes having the same chemical formula. The variation of the local coordination of the transition metal ion in different polytypes of a given TMD leads to completely different physical properties 1 . For example, 1T-TaS 2 with Ta in octahedral coordination, is a correlated system which ground state is still very debated (Mott insulator or correlated metal) 2-5 while 2H-TaS 2 , with Ta in trigonal prismatic coordination, is a metal (the 1T and 1H polytypes are reported in Fig.1 ). However, this tunability cannot be completely exploited as not all bulk TMDs can be synthesized in 1T and 2H polytypes either because the appropriate chemical and thermodynamical preparation conditions are unknown or because the energetic is unfavorable. This is the case of bulk 1T-TiSe 2 that has never been synthesized in the 2H polytype or, vice versa, of bulk 2H-NbSe 2 and 2H-NbS 2 that crystallizes in the 2H polytype and not in the 1T one, although it has been reported 6 that 1T-NbS 2 bulk can be synthesized under very special conditions.
Since different TCh 2 planes are bounded together by the weak van der Waals interaction, it makes possible to isolate single layers of a large class of transition metal dichalcogenides 7, 8 (a single layer here refers to a trilayer TCh 2 unit). The exfoliation of bulk TMDs into bi-dimensional (2D) crystals, beside being interesting in itself as it allows to investigate a variety of phenomena in low dimension, paves the way to different synthesis techniques, unfitted for bulk systems but feasible in few layers flakes. An example is the phase transition between the hexagonal and monoclinic phases of monolayer MoTe 2 achieved by electrostatic doping 9 or the transition between the 2H and 1T and 1T phases obtained by liquid exfoliation 8, 10 . More recently it has been shown that the 1T-NbSe 2 polytype can be stabilized either as a single layer on top of bilayer graphene kept at 500-590
• C during epitaxy 11 or by applying a pulsed local field through the STM tip at the surface of bulk 2H-NbSe 2 12 . The physical properties of single layer 1T-NbSe 2 turned out to be completely different from that of single layer 1H-NbSe 2 as the former is a spin 1/2 Mott-Jahn Teller insulator undergoing a √ 13 × √ 13 charge density wave 11, 13 , while the latter is a metal undergoing a 3 × 3 charge density wave [14] [15] [16] . Most important, it has been recently shown 13 that density functional theory calculations (DFT) with local LDA/GGA kernels do not explain the stabilization of the 1T-NbSe 2 single layer phase with respect to the 2H one, as this transition occurs via a correlated mechanism involving vibrations and the stabilization of a magnetic state that can be addressed within the DFT+U approximation. Thus, given the broad perspectives offered by these new synthesis techniques, theoretical calculations can be used to spot new TMD phase that can be experimentally accessed and to describe their structural and electronic properties.
Bulk 2H-NbS 2 is isoelectronic and isostructural to 2H-NbSe 2 , however it stands somewhat at odd with respect to other transition metal dichalcogenides as it displays no charge density wave (CDW) at low temperature 17 . On the contrary, when NbS 2 single-layer is grown on Nitrogen-doped 6H-SiC(0001) terminated with single or bilayer graphene, it adopts the 1H-NbS 2 polytype and STM images show a 3 × 3 reconstruction 18 , but if 1H-NbS 2 is grown epitaxially on Au(111) no charge density wave is detected 19 . Given the different properties of NbS 2 in the 2D limit, it is natural to investigate the possible stability of other polytypes and the formation of magnetic and charge density wave phases.
In this work, by using density functional theory cal-culations, we investigate the possible synthesis of single layer 1T-NbS 2 together with its structural, vibrational and electronic properties. We study the stability with respect to the single layer phase and we calculate magnetic couplings. 
III. RESULTS AND DISCUSSION
A. High-symmetry 1T-NbS2 structure.
We start by performing geometrical optimization of the undistorted 1T-NbS 2 structure (3 atoms/cell). For completeness and to achieve a better understanding of the transition metal/chalcogen hybridization, we also calculate the theoretical GGA structural parameters and electronic structures of 1T-NbSe 2 , 1T-TaS 2 and 1T-TaSe 2 high symmetry phases. We obtain the lattice parameter and internal coordinates reported in Tab. I. As it can be seen the sulfur dichalcogenides are somewhat compressed in the basal plane with respect to Se dichalcogenides. The smaller in-plane parameter is accompanied by a smaller chalcogen height (h Ch ) and a smaller tetragonal distortion of the octahedral crystal symmetry around the transition metal ion. This is relevant as the electronic structures of all these highly symmetric polytypes are similar but with important differences that can be in part attributed to the amount of Jahn-Teller trigonal distortion of the octahedral crystal field around the transition metal and in part to the alignment of the chalcogen and transition metal levels 24, 25 . In more details, the octahedral crystal field splitting leads to triply degenerate t 2g orbitals (d x 2 −y 2 , d z 2 −r 2 , d xy ) and doubly degenerate e g orbitals (d xy , d xz ) at higher energy (we adopt here the same convention of Ref.
25 for the crystal axes). The trigonal distortion of the octahedron is identified by the bond angles centered at the transition metal ion and having bonds to the nearest chalcogens (see picture in Tab. I). In an undistorted octahedron α = β = 90 o , while in the present cases there is a substantial deviation from the ideal values.
The crystal field for a trigonal distorted octahedron splits the t 2g orbitals in a twofold degenerate state (d x 2 −y 2 , d xy ) and a single degenerate d z 2 −r 2 state. We label this energy separation at zone center "apparent JahnTeller splitting". In the case of 1T-NbS 2 and 1T-TaS 2 , the apparent trigonal Jahn-Teller splitting at the Γ point is positive (namely the band originating from the d z 2 −r 2 state is higher in energy with respect to the twofold de- In the inset image we report in gray the T atoms and in yellow the Ch one, the quantities tabulated are highlighted.
FIG. 2. Band structures for TCh2 compounds (T=Nb,Ta; Ch=S,Se) in the 1T-polytype. The size of the circles is proportional to the Nb d z 2 −r 2 character of the eigenvalues, the percentage of the d z 2 −r 2 component at Γ for each system is reported in the subcaption.
generate one arising from the d x 2 −y 2 and d xy atomic orbitals) and very similar in magnitude for both systems, as it can be seen in Fig.2 . Surprisingly, in selenides, despite a larger distortion, the apparent Jahn-Teller splitting is almost zero or negative.
This apparent contradiction can be solved by considering the hybridization between the transition metal t 2g bands and the other occupied chalcogen bands at zone center (labeled "h" in Fig.2 ). In sulfides, this band is mainly formed by sulfur 3p states. In TaS 2 this separation is larger than in NbS 2 , mainly due to the larger energy misalignment between the sulfur 3p and the Nb 4d or Ta 5d states. The situation is very different in selenides, where the hybridization between the Se p states and the Ta or Nb d states is strong (stronger in Nb than in Ta) and leads to completely counterintuitive results with respect to crystal field theory. For example, the larger octahedral distortion occurs in NbSe 2 , but here we find an apparent negative Jahn-Teller splitting. Finally, in TaSe 2 the apparent Jahn-Teller splitting is almost zero as the crystal field and the hybridization perfectly cancels out and the t 2g bands become almost threefold degenerate at zone center. Furthermore the top of what were the chalcogen p-bands in sulfides becomes mixed with d-states in selenides (particularly evident in NbSe 2 ).
The different magnitude of the hybridization explains why in sulfides one expect t 2g manifolds separated by the chalcogen states while in selenides the character is more entangled 13 . Finally, it is worth mentioning that as the 1T-polytype breaks the inversion symmetry, we investigate the magnitude of relativistic effects in 1T-NbS 2 finding them negligible, as expected given the relatively light atoms involved.
Having understood the electronic structure of the highly symmetric phase in comparison with other 1T compounds, we compare the energy of single layer 1T-NbS 2 with the 1H-NbS 2 polytype. We find that 1H is more stable by approximately 7.2 mRy/Nb (see also Tab. II), similarly to what happens for the NbSe 2 case [26] [27] [28] . This large energy difference prevents an highly symmetric 1T phase to form in experiments.
In order to inspect for possible CDW instabilities, we then calculate the phonon dispersion of single layer 1T-NbS 2 . As shown in Fig.3 we found strongly unstable phonon modes. To better identify the wavevector of the most unstable phonon frequencies in the BZ, we also perform a 2D plot of the instability in Fig.3 . At the harmonic level we find that the two most likely instabilities have wavevector compatible with a √ 13 × √ 13 30 and a 4 × 4 CDWs.
B. Charge density wave phases
We perform geometrical optimization within the GGA approximation in 4 × 4 and √ 13 × √ 13 supercells starting from initial configurations obtained by displacing the atomic coordinates following the patterns of the most unstable phonon modes. In both case, we find structures that are substantially more stable than the highly symmetric ones. In the case of a 4 × 4 supercell, we find two different reconstructions that are practically degenerate in energy (see Fig.4 ). Both 4 × 4 CDW, however, seems to try to form some kind of star-of-David reconstruction, but the non ideal periodicity hinders the complete formation. This is confirmed by the fact that √ 13 × √ 13 is the most stable reconstruction, with an energy gain of ≈ 2.9 mRy/Nb with respect to the highly symmetric 1T-NbS 2 phase, however still with an energy loss of ≈ 4.3 mRy/Nb with respect to the highly symmetric 1H-NbS 2 phase.
The optimized √ 13 × √ 13 structure is shown in Fig.4 (we also report the Wyckoff positions in App. A), and it results dynamically stable (see App. B), the relative energy differences among the different phases considered are reported in Tab. II.
The non-magnetic electronic structure in the √ 13 × √ 13 phase is shown in Fig.5 (top). It is characterized by the presence of an extremely flat band at the Fermi level having a non-negligible d z 2 −r 2 character related to the central Nb atom in the star. The flat band is isolated from the others and is located in the middle of the gap, this is in analogy with what happens in 1T-TaS 2 4, [30] [31] [32] [33] and in contrast with the 1T-NbSe 2 case 13, 27, 28 where the flat band is entangled with chalcogen states.
In order to disentangle the effects of chemistry and distortion in determining the energy position of the flat band with respect to the chalcogen states, we calculate the non-magnetic electronic dispersions of (i) NbS 2 CDW structure in which we substitute the S atoms with Se keeping, however, the structure unchanged (labeled "1T-NbS 2 str.; Se PP" in Fig.5 ), (ii) NbS 2 using the crystal structure of 1T-NbSe 2 in the CDW phase (labeled "1T-NbSe 2 str.; S PP" in Fig.5 ). These calculations should be directly compared with the case of NbSe 2 reported in Ref. 13 (Fig.3, left panel) where, at the GGA level, the flat band lies in the middle of Se states and is not isolated from the others. This comes mostly from a 0.25 eV upshift of the lower occupied states at zone center.
Calculation (i) allows us to determine the effect of alignment between Se/S states with Nb ones. As it can be seen the effect of replacing the S with a Se pseudopotential is an up-shift of the Se states at zone center, in agreement with what happens in the ideal high-symmetry undistorted 1T-NbS 2 /1T-NbSe 2 phases. However this up-shift is still not large enough to mix the flat band with the other occupied bands, as it happens in the √ 13× √ 13 phase of 1T-NbSe 2 13 . If, on the contrary, we use the NbSe 2 √ 13 × √ 13 structure with the S pseudopotential, as in calculation (ii), we see that the results is to up-shift mostly the occupied states very close to the flat band. However, this is not what happens in the √ 13 × √ 13 phase of 1T-NbSe 2 as in this system, at the GGA level, the top of the Se states at Γ are empty and are at higher energies then the flat band. It follows that the effect is not properly chemical neither structural, but it is a cooperative effect of the two. This aspect is a general feature strictly related to the chalcogen atom involved in the compound. In fact the same behavior is observable also in TaS 2 and TaSe 2 (see Refs.
4,13,31 ).
As shown in Fig.5 (top) , the Nb d z 2 −r 2 band is extremely flat, with a dispersion of ∼ 0.016 eV. This implies a small Fermi velocity, a low kinetic energy and an high peak in the density of the states at the Fermi level. It is then natural to expect electronic instabilities to occur. We then perform spin-polarized calculations stabilizing an insulating ferrimagnetic solution with an energy loss of about 0.1 mRy/Nb with respect to the metallic nonmagnetic solution (see Tab. II). Thus, even in the absence of an Hubbard term, GGA stabilizes a magnetic state.
The magnetic bands are reported in Fig.6 (left), as we can see, in the ferrimagnetic configuration, the system results to be semiconductor with a gap of about 0.15 eV. The flat band is splitted in two, one is fully occupied and the second one is empty, so that the total magnetic moment is 1 µ B . By referring to the left panel in Fig.4 , the magnetic moments are 0.21 µ B on the red sites, 0.04 µ B on the blue ones and negligible contributions on the others. It is worth to underline that the magnetic structure is still unstable (4.4 mRy/Nb) with respect to the 1H one.
The insurgence of magnetism induces a weak hardening of some A 2g modes, in principle detectable as a Raman shift (see App. B).
However, given the correlated nature of the problem and the key role of the DFT+U approximation in determining total energies, as shown in 1T-NbSe 2 13 , we perform DFT+U calculations using the method in Ref. 34 . The U parameter is computed self-consistently from first principles 34 , we obtain U = 2.87 eV. This value is similar to those found for 1T-TaS 2 4 and 1T-NbSe 2 13 compounds.
We first perform structural optimization of the highsymmetry 1T-NbS 2 and 1H-NbS 2 single-layer structure within DFT+U. For the 1H-polytype, we find that the in-plane lattice parameter in DFT+U is in slightly better agreement with the one measured in the bulk than in the GGA case (see Tab. II), suggesting that DFT+U gives a slightly better energetic then GGA, as it happens in NbSe 2 13 . As it can be seen, the energy difference between the 1H and 1T undistorted polytypes is now reduced.
We then optimize the geometry in the CDW phase with DFT+U obtaining a small contraction of the in-plane lattice constants (see Tab. II, the Wyckoff positions are reported in App. A). Also the magnetic structure is slightly different from GGA results: a stronger ferrimagnetic solution with magnetic moments of 0.41 µ B on the red sites, 0.03 µ B on the blue ones and negligible antiferromagnetic contributions from the other sites is stabilized (we refer to the left panel in Fig.4 for color labeling) . The total magnetic moment per unit cell is of 1 µ B . The magnetic moment on the central atom is thus almost the double of the one found in spin-polarized GGA (while the total spin is of course still 1/2). Moreover, as shown in Tab. II, the CDW magnetic solution has an important energy gain with respect to the 1T-polytype and it is almost degenerate with the 1H one (0.5 mRy energy difference).
This energy difference is slightly smaller than the one found between 1H-NbSe 2 highly symmetric polytype and the 1T-NbSe 2 charge density wave phase. This suggest that 1T-NbS 2 can be synthesized with a similar experimental procedure to the one used for NbSe 2 11,12 . In Fig.6 we report the band structure for the magnetic solution obtained in DFT+U compared with the ones obtained in GGA. The band-gap between the flat band is now more than twice that in spin-polarized GGA (∼0.41 eV) and is not the fundamental gap as the minority spin flat bands is pushed inside the empty dconduction bands. The fundamental gap is ∼0.35 eV and involves transitions between d-orbitals of different Nb atoms.
Finally we evaluate the nearest-neighbor (J 1 ) and next-near-neighbor (J 2 ) exchange constants between different star of David clusters in an ferromagnetic Hubbard model described by the following Hamiltonian:
We adopted a super-cell approach and considered a (2 √ 13) × (3 √ 13) cell with different collinear magnetic configurations. It is important to note that we obtain similar total energies for all the spin configurations took into account.
The calculated ferromagnetic exchange couplings are J 1 =9.5 K and J 2 =0.4 K, in line with the parameters describing the similar NbSe 2 compound 28 . From that the system results to have a ferromagnetic ground state between different stars.
IV. CONCLUSIONS
In this work we investigated by first principles the possible formation of single-layer 1T-NbS 2 as well as its structural, electronic and dynamical properties in the high symmetry phase and in the CDW one with different degrees of correlation and allowing for magnetic solutions.
We demonstrate that the 1T undistorted (1 × 1) polytype is highly unstable towards a √ 13 × √ 13 reconstruction. Within the GGA+U approximation, the √ 13× √ 13 structural distortion and the formation of a ferrimagnetic state cooperate in stabilizing the 1T-NbS 2 phase in single layer form that becomes comparable in energy with that of the 1H polytype. Thus, we predict that this system can be synthesized with similar techniques to those used for single layer 1T-NbSe 2 11,12 . Interestingly, a previous work 6 describes growth of bulk 1T-NbS 2 on glass keeping the substrate at very high temperature. As a similar technique has been used for the synthesis of 1T-NbSe 2 (with a different substrate) in Ref.
11 , this makes the synthesis of single layer 1T-NbS 2 even more likely.
Finally, it is interesting to underline that in this system, magnetism occurs in a ultraflat band, isolated from all the others and having a marked d z 2 −r 2 character on the central Nb atom in the star. Spin polarized calculations without any Hubbard mean field term, recover the insulating state by stabilizing magnetism, (although with a fairly small gap). A similar effect occurs in TaS 2 4 , where even at U = 0 a magnetic state is stabilized within the spin polarized generalized gradient approximation. In this respect, sulfides are odd with 1T-NbSe 2 where the flat band is strongly hybridized with Se states and the Hubbard interaction is needed to disentangle it from the other bands 13 . 1T-NbS 2 in the √ 13 × √ 13 is then a prototype system where the presence of an ultraflat band produces magnetism even at very moderate values of U/t. 
APPENDIX B
We compute the phonon dispersion for the √ 13 × √ 13 CDW phase in GGA approximation for the non magnetic (NM) and the ferrimagnetic (FM) solutions. We calculate the dynamical matrix at zone center and then Fourier interpolate the dynamical matrices on the full Brillouin zone. Results are reported in Fig.7 . All frequencies are positive revealing the CDW phase is dynamically stable. The Raman active modes are reported in Tab. V. The 
